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The low-lying level structure of 63V was studied for the first time by the inelastic proton scat-
tering and the proton knock-out reaction in inverse kinematics. The comparison of the newly
observed γ-ray transitions at 696(8) keV and 889(16) keV with our shell-model calculations using
the Lenzi-Nowacki-Poves-Sieja (LNPS) interaction established two excited states proposed to be
the first 11/2− and 9/2− levels. The (p,p’) excitation cross sections were analyzed by the coupled
channel formalism assuming pure quadrupole as well as quadrupole+hexadecapole deformations.
This resulted in large deformation parameters placing 63V in the island of inversion located below
68Ni.
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I. INTRODUCTION

Studying the mass [1], the magnetic moment [2], and
the β-decay [3] of the neutron rich sodium isotopes
decades ago, some departures from the expectations of
the convetional shell model calculations were discovered.
The anomalies were theoretically interpreted by introduc-
ing an island of inversion where the deformation-driven
configurations of neutron particle-hole excitations across
the N=20 shell gap dominate the ground state of nu-
clei instead of the spherical, normal configurations [4].
This theoretical work placed only nine nuclei on the is-
land and kept the N=20 shell gap large (around 5 MeV),
however it was proposed later that the boundaries of the
island should be extended, and the shell gap diminished
for these exotic nuclei [5]. Since then numerous experi-
ments as well as theoretical calculations have been carried
out (see [6] and references therein), as a result of which,
nowadays, we talk about an archipelago of inversion lo-
cated around the neutron numbers 8, 20 28, 40 and 50
with a proposed common underlying mechanism for the
reduction of the conventional shell gaps [7].

Regarding the harmonic oscillator shell gap at N=40,
a study of iron isotopes [8] indicated the presence of an
island of inversion twenty years ago. Later on, a theo-
retical work [9] introduced the Lenzi-Nowacki-Poves-Sieja
(LNPS) interaction, and suggested that an island of in-
version developed in the nuclear chart below 68Ni around
Z=22-26 and N=38-42. Here, similar to the island of
inversion around N=20, the isotopic chains are char-
acterized by open proton shells thus quadrupole corre-
lations can develop. As protons are removed from the
πf7/2 orbit completely filled in 68Ni, the νf5/2 − νg9/2

gap gets reduced accompanied by the closeness of the
quadrupole partners νg9/2, νd5/2 predicting the largest
deformation around 64Cr. In the past ten years many
experiments have been performed for almost all the iso-
topic chains below 68Ni toward the dripline including the
cobalt [10, 11], the iron [12–14], the manganese [15, 16],
the chromium [17–19], and the titanium [20–22] isotopes.
Focusing on the N=40 isotones, by removing protons
from 68Ni, the results showed an increase of collectivity
up to 64Cr (reaching a quadrupole deformation param-
eter β2 of around 0.3 [14]) and a decrease toward the
dripline in a good agreement with the theoretical calcu-
lations.

However, no experimental data on the nuclear struc-
ture of the vanadium isotopes are available around the
neutron number 40, only the lifetime of the ground states
is known for N≥38 and an isomeric state in 64V [23].
Therefore, we have studied the low-lying excited states
of 63V including 40 neutrons by the inelastic proton scat-
tering and the proton knock-out reaction to uncover its
deformation and to investigate whether it belongs to the
island of inversion.

II. EXPERIMENT

The experiment was carried out at the Radioactive Iso-
tope Beam Factory operated by the RIKEN Nishina Cen-
ter and the Center for Nuclear Study of the University of
Tokyo. The accelerator complex provided a beam of 70Zn
ions at an energy of 345 MeV/u and at an intensity of
240 pnA. A 9Be production target of 10 mm thickness was
placed in the path of the primary beam at the entrance
of the BigRIPS separator [24] to fragment the ions. The
Bρ − ∆E − TOF method (Bρ: magnetic rigidity, ∆E:
energy loss, TOF : time of flight) [25] was applied to select
the ions of interest using slits and an aluminum wedged
degrader at the first focal plane F1, located between the
two dipole magnets D1 and D2 of BigRIPS. The identifi-
cation of the components in the cocktail beam was done
between the focal planes F3 and F7 by time of flight,
energy loss and magnetic rigidity measurements. Plastic
scintillators at F3 and F7 provided the TOF [26], a gas
ionization chamber at F7 [27] determined the ∆E, and
several sets of parallel plate avalanche counters (PPAC)
at F3, F5 and F7 [28, 29] monitored the trajectory of the
ions. For the vanadium and chromium ions, a 5.5σ sepa-
ration in Z and a 26.4σ separation in A/Q was achieved.
The secondary beam was transported downstream of the
focal plane F13 to MINOS [30], a liquid hydrogen target
contained in a polyethylene terephthalate cell surrounded
by a cylindrical time projection chamber (TPC). The ef-
fective target length was determined to be 151(1) mm.
The excited states of 63V were populated by the pro-
ton inelastic scattering and the proton knock-out reaction
which was checked by the correlations of the two protons
in their polar and azimuthal angles. The point of reaction
was reconstructed either by using the scattered and the
removed protons or one of the protons and the projected
trajectory of the radioactive ions (the former method was
preferred when both data were available) [31]. An over-
all efficiency of 95% and a resolution of 5 mm (FWHM)
along the beam axis was achieved for the events when at
least one proton was recorded by the TPC.

An array of 226 NaI(Tl) scintillator crystals
(DALI2+) [32, 33] placed around the target in cylindrical
layers of 10-28 units and a forward wall of 64 units
detected the prompt γ rays. Polar angles between 15°
and 118° were covered with this arrangement. The
beam-like fragments leaving the target were analyzed by
the SAMURAI spectrometer [34] based on Bρ, ∆E and
TOF measurements. The Bρ values were derived via
trajectory determination by multiwire drift chambers
located upstream (FDC1) and downstream (FDC2) of
the magnet operated at a central magnetic field of 2.7 T,
using the multidimensional fit procedure of the ROOT
framework [35]. Downstream of the FDC2, a plastic
scintillator wall consisting of 24 bars yielded the ∆E
and TOF information. The unambiguous identification
of 63V fragments was ensured by the obtained 8.9σ
separation in Z and 7.8σ separation in A/Q. The
total beam intensity was approximately 200 particle/s
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while on average 3/0.4 63V/64Cr ions hit the liquid
hydrogen cell every second. The rate of 64Cr ions was
low because they were at the edge of the acceptance
of the BigRIPS separator which was tuned to optimize
transmission for the primary goal of the experiment, the
knock-out reactions 53K(p,2p)52Ar, 57Sc(p,2p)56Ca and
63V(p,2p)62Ti. The kinetic energy of the 63V and 64Cr
particles were around 250 MeV/u at the entrance of the
target and the energy loss amounted to about 80 MeV/u
while passing through the liquid hydrogen. 2420 and 427
events associated with detected γ rays and an identified
proton-track were counted in the inelastic scattering and
the proton knock-out reaction channels, respectively.

III. RESULTS AND DISCUSSION

Radioactive sources of 60Co, 137Cs and 88Y were used
several times during the experiment to calibrate the crys-
tals of the DALI2+ array for energy, thus monitoring the
gain shift of the detectors (<0.4%). The photopeak effi-
ciency of the setup was increased by the addback pro-
cedure in the analysis. This procedure merged those
hits in the adjacent units (<15 cm) of the DALI2+ array
which originated from a single γ ray undergoing Comp-
ton-scattering and/or pair production. The γ rays emit-
ted by the fast-moving ions were Doppler-corrected using
the vertex position determined by a tracking algorithm
for protons in the TPC and the projected trajectory of
the ions entering the target. The change of the drift
velocity in the TPC was monitored during the experi-
ment and was taken into account in the analysis. In the
range of 500-1000 keV the FWHM energy resolution and
the addback photopeak efficiency of the DALI2+ array
was around 12% and 35%, respectively. Further details
of DALI2+ setup, the Doppler-correction, the addback
procedure as well as the MINOS device and the track
reconstruction can be found elsewhere [31–33].

Figure 1 shows the Doppler-corrected γ-ray spectrum
for 63V including all the reaction channels indicated
by (p,XpYn). The spectrum contains a two-component
background: a low-energy part (<500 keV) originating
from atomic processes and a high-energy part coming
from other sources mainly the reactions of the scat-
tered particles on the materials surrounding the tar-
get [36, 37]. This background was modeled by a dou-
ble-exponential function with four free parameters which
proved to be successful for other reactions of this exper-
iment [21, 38–41] as well as for our earlier similar ex-
periments [19, 37, 42–47]. The spectrum clearly shows
two peaks at around 700 keV and 900 keV and some
other candidates at higher energies. In order to deter-
mine the statistical confidence, the energy and the in-
tensity of these peaks a simulation was performed by
a Geant4 [48] application especially developed for our
SUNFLOWER collaboration [49]. This application could
provide the response function of the DALI2+ setup for
a γ ray emitted by the fast-moving projectile taking
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Figure 1. Doppler corrected γ-ray spectrum for 63V using
vertex reconstruction (requiring at least one proton in the
TPC) and addback procedure including all reaction channels.
The data with error bars and shaded area represent the ex-
perimental spectrum, the red line is the simulation plus a
free-parameter double-exponential background, and the latter
function (exponential background) is also plotted separately
as a blue line. S.C. stands for the statistical confidence of the
peaks.

into account the intrinsic experimental resolution of the
NaI(Tl) detectors. The resulting response functions were
added together with individual scaling parameters plus
the double-exponential function to fit the spectrum using
the likelihood method [50] of the ROOT framework [51],
which gave more reliable results for the spectra with low
statistics [38, 52]. The total fit with a reduced χ2 (χ2

ν
)

of 1.31 is presented by a red line in Figure 1 while the
background is plotted by a blue line. The energy of the
four most prominent peaks shown in the Figure were ob-
tained to be 696(8) keV, 889(16) keV, 1153(21) keV and
1544(26) keV. The statistical confidence of the latter two
peaks were determined to be very low (1.5σ, 1.7σ, re-
spectively), and it reached the 3σ limit of unambiguous
existence for only the first two peaks (4.1σ, 3.7σ, respec-
tively). For the other peak candidates at higher ener-
gies, the statistical confidence was lower than the small-
est quoted one. Indeed, by including only the 696-keV
and the 889-keV peaks in the fit, a χ2

ν
=1.41 value could

be obtained, which means there is no need to assume
any other peaks to correctly describe the spectrum. The
stability of the statistical significance of the peaks were
also checked using smaller bin sizes of 40 keV, 30 keV and
20 keV: the values for the 696-keV and the 889-keV peaks
remained above 3.7σ and 3.5σ, respectively while the val-
ues for the other peak candidates stayed below 2.0σ. The
dependence of the peak parameters and of the fit quality
on the background was also investigated in a similar man-
ner described in our previous work where the spectrum
statistics was close to the present one [38]: instead of the
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Figure 2. Doppler corrected γ-ray spectra for 63V using vertex
reconstruction (requiring at least one proton in the TPC) and
addback procedure (upper panel: inelastic scattering, lower
panel: 64Cr(p,2p)63V reaction channel). The data with er-
ror bars and shaded area represent the experimental spec-
trum, the red line is the simulation plus a free-parameter
double-exponential background, and the latter function (ex-
ponential background) is also plotted separately as a blue line.

free-parameter double-exponential function we took the
background shape extracted from a high-statistics spec-
trum of 61V, a nucleus close to the studied one. This
analysis gave a slightly higher χ2

ν
of 1.39 including the

four most prominent peaks in the fit. Again, only the
696-keV and the 889-keV peaks showed statistical confi-
dences of 4.8σ and 4.1σ above the 3σ limit, respectively.
The quoted uncertainties for the energy of the γ rays orig-
inated from the statistics, the energy calibration (5 keV),
and the background estimation. The low statistics did
not allow us to perform a γγ analysis of the events, so
no primary conclusion could be drawn on whether the
observed transitions were parallel or cascade.

The spectra for the individual reaction channels of

(p,p’) (upper panel) and (p,2p) (lower panel) in Figure 2
were analyzed in the same way as the (p,XpYn) spec-
trum. The only exception was that not only the back-
ground from the (p,XpYn) spectrum of 61V but also that
of the 61V(p,p’)61V and the 62V(p,pn)61V high-statistics
spectra were considered for the 63V(p,p’)63V and
64Cr(p,2p)63V reactions, respectively. The fits shown in
the panels of Figure 2 include the most prominent peaks.
According to the analysis the 696-keV and the 889-keV
transitions for the inelastic channel and only the 696-keV
peak for the knock-out channel could be proved to exist
above the 3σ limit. It is noted that 96.8% of the events in
the inelastic channel were associated with the expected
one-proton track in the MINOS device. For the (p,2p)
reaction, two-proton-track events dominated with 78.9%
as expected while the percentage of the one-proton-track
events was 20.5%. Analyzing only the one-proton-track
events for the (p,p’) reaction and the two-proton-track
events for the (p,2p) reaction we again arrived to the
above conclusion regarding the existence of the transi-
tions.

Based on the observed number of γ rays and that of
the incoming ions, a γ-ray-production cross section of
σ (p2p; 696γ ↓)=1.0(3) mb associated with the 696-keV
transition in the (p,2p) channel while γ-ray-production
cross sections of σ (pp′; 696γ ↓)=0.14(6) mb and
σ (pp′; 889γ ↓)=0.24(7) mb for the inelastic scattering
were determined. The uncertainties are dominated by
the statistical uncertainty originating from the fits but
they also include quadratically the other contributions
coming from the choice of the background, the simulated
photopeak efficiency of the DALI2+ array and the target
thickness. The inclusive cross section for the (p,2p)
channel was extracted to be 8.7(4) mbarn.

IV. COMPARISON TO THEORY

In order to interpret the observed data, large scale
shell model calculations were performed to determine the
low-energy level and decay scheme of 63V and to describe
the proton knock-out reaction. The calculated spectro-
scopic factors for the (p,2p) reaction were combined with
the single-particle cross sections calculated in the dis-
torted wave impulse approximation (DWIA) framework
to derive the theoretical (p,2p) cross sections. For the
inelastic scattering, a coupled channel calculation was
performed to determine the deformation of 63V.

Shell model calculation The details of the shell-model
calculation were described earlier [9]. The valence space
comprised of neutron (f 5/2p3/2p1/2g9/2d5/2) and proton
fp orbitals. The Hamiltonian was based on the LNPS
interaction. Due to the large size of the configuration
space, the calculations were truncated to 10p-10h excita-
tions across Z=28 and N=40 gaps, which assured, how-
ever, a good convergence of the calculated spectra. The
diagonalization of the Hamiltonian matrices was done by
the Strasbourg shell-model code ANTOINE [53, 54]. To
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get the theoretical branching ratios, the E2/M1 reduced
transition rates were obtained using effective charges
ep=1.31, en=0.46 for B(E2) and gnl =0.0, gns=-2.87,
gpl =1.0, gps=4.19 for the B(M1) values [54, 55]. The stan-
dard effective charges (ep=1.5, en=0.5) overestimated
the B(E2) values for neutron rich chromium and iron iso-
topes [56], however, the present framework with the mod-
ified effective charges deduced theoretically in Ref. [55],
proved to be very powerful interpreting the experimental
results around the N=40 shell gap in the past ten years:
(a) E(2+1 ), B(E2) for the neutron rich chromium and iron
isotopic chains [14], (b) low-energy level scheme of 58,60Ti
within 100 keV [20], (c) E(2+1 ), E(2+1 )/E(4+1 ) for the
neutron rich chromium and iron isotopic chains [19], (d)
low-energy level scheme of 53,55,57Mn within 100 keV [16],
(e) B(E2) for 72,74Ni [37], (f) low-energy level scheme of
62Ti within 100 keV [21]. It is worth emphasizing that the
calculated B

(
E2; 2+1 → 0+1

)
values for the experimentally

studied N=40 nuclei (68Ni: 41 e2fm4, 66Fe: 336 e2fm4,
64Cr: 361 e2fm4) are very similar to the observed values
of 53(6) e2fm4, 299(17) e2fm4, and 312(79) e2fm4 [14, 57–
60].

DWIA The distorted wave impulse approximation
framework was thoroughly discussed elsewhere [61].
Since the (p,2p) reaction took place in a long (151 mm)
target, the single-particle cross sections calculated at dif-
ferent energies were averaged over the energy range corre-
sponding to the target length weighting the cross section
values with the observed statistics, as it was done in our
earlier works (e.g., [38, 41, 62]).

Coupled channel calculation The coupled channel cal-
culation was performed by the ECIS code [64] using the
symmetric rotational model. The standard collective
form factors were applied together with the optical poten-
tial parameters determined from the global phenomeno-
logical set of Koning and Delaroche [65] which was suc-
cesfully used, e.g., in the analyis of a similar experiment
for Ni and Zn isotopes [37]. The model parameters of
the quadrupole matter (δM2 ) and Coulomb deformation
lengths (δC2 ) were kept equal, which is a usual approach
since the proton and neutron distributions do not differ
significantly for wide range of nuclei [66–68].

Interpretation of the experimental data The partial
level and decay scheme from the shell model is presented
on the left hand side of Figure 3 together with the cal-
culated (p,2p) cross sections. The ground state is calcu-
lated to be 3/2−, which was found to be consistent with
the non-observation of the population of the 4+1 state in
62Cr following β-delayed neutron emission [69], as well
as the number of states populated in the 63V(p,2p)62Ti
knock-out reaction [21]. Also, LNPS calculation provided
3/2− ground state for 61V in line with the β-decay [70]
and the knock-out data [20]. Therefore, the 3/2− ground
state is a realistic starting point for the interpretation of
the experimental results.

Since the (p,p’) reaction usually populates the low-
est-energy levels strongly coupled to the ground state, the
lowest few excited states (which are the first calculated

levels for each spin up to 11/2) are shown in Figure 3. Ac-
cording to our calculation only three of these states (in-
cluding the ground state) and three other states at higher
energies (2264 keV, 2520 keV, 2686 keV) are expected to
be populated with significant cross sections (>0.1 mb) by
the (p,2p) reaction. Therefore, the 40 other states cal-
culated between the 1212-keV level and the one-neutron
separation energy of 4.7(13) MeV [22] are not plotted.

63V is located on the N=40 isotonic chain be-
tween 64Cr and 62Ti, which were experimentally sug-
gested to belong to the island of inversion with
large quadrupole deformation parameters of around
β2=0.3 [14, 21]. With this typical β2 value, our cou-
pled channel calculation gives (p,p’) excitation cross sec-
tions of 5.7 mb and 3.3 mb for the calculated 5/2−1
and the 7/2−1 levels, respectively. Even with half of
this β2 value usual in the island of inversion, the cal-
culated cross sections are about an order of magnitude
larger than the observed σ (pp′; 696γ ↓)=0.15(6) mb and
σ (pp′; 889γ ↓)=0.24(7) mb values. It is noted that the
dependence of the calculated cross sections on the en-
ergy of the levels is negligible at this low-energy regime.
Therefore, we can conclude that the γ rays observed in
the (p,p’) reaction cannot be associated with the exci-
tation of the 5/2−1 and the 7/2−1 levels, which is also
supported by the large energy difference between the ex-
pected γ rays of around 150 keV (emitted by the deexcit-
ing 5/2−1 and the 7/2−1 levels) and the experimental ones
(696 keV, 889 keV). Similar cross-section arguments hold
for the calculated 1/2−1 level at 1212 keV and others with
spin J ≤ 7/2 due to JGS = 3/2.

However, the theoretical 9/2−1 and 11/2−1 levels seem
to be very good candidates for the assignment of the γ
rays observed in the (p,p’) reaction. Both of them pre-
dominantly decay to the 7/2−1 level with transition en-
ergies of 688 keV and 819 keV, which are close to the
experimental values. Also, due to their spin/parity they
are expected to be weakly excited in the (p,p’) reaction,
which also coincides with the observation. The experi-
mental production cross section of the 889-keV γ ray is
larger than that of the 696-keV γ ray, which suggest that
the former can be assigned to the excitation of the 9/2−1
level, while the latter belongs to excitation of the 11/2−1
level. Indeed, with a quadrupole deformation length pa-
rameter of δ2=δM2 =δC2 =2.25(22) fm, the coupled chan-
nel calculation could reproduce the (p,p’) excitation
cross sections of σ

(
9/2−1 ;X + 889 ↑

)
=0.29(9) mb and

σ
(
11/2−1 ;X + 696 ↑

)
=0.15(6) mb taking into account

the calculated γ-ray branching ratios of the 9/2−1 (83%)
and the 11/2−1 (93%) levels. The derived δ2 corresponds
to the quadrupole deformation parameter β2=0.47(5)
with the well-known relation δi = βi 1.2 fmA1/3. The
quoted uncertainty originates from the uncertainty of the
observed cross section. However, it is worth noting that
the choice of the optical potential usually adds about 10%
uncertainty to the deformation parameter [37, 71].

This analysis implied multi-step excitations of the
9/2−1 and 11/2−1 states through the 5/2−1 and 7/2−1 states.
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Experiment

X+696

0

696γ
57(24)

889γ
100

Shell model

290

978
1109

0

92%

17%

1212

3/21
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7/21
-

11/21
-

5/21
-157

9/21
-

2264 3/2-

83%

1/21
-

7/2-

7/2-

2520

2686

Y
X

206 μb

152 μb

3.3 mb

30 μb

180 μb

170 μb

274 μb

σ(pp';696γ↓)
=0.14(6) mb

X+889

93%

σ(pp';889γ↓)
=0.24(7) mb

100%

σ(p,2p)

Figure 3. Partial level and decay scheme of 63V. The two observed bound excited states with their decay and relative γ-ray
intensities in the (p,p’) channel are shown on the right hand side as well as the experimental γ-ray-production cross sections
for the inelastic scattering next to the arrows. The experimental data were compared with our shell-model calculations on
the left hand side. The calculated γ-ray branching ratios are also written next to the downward arrows. Both experimental
transitions could be matched with counterparts in the shell-model level scheme. The (p,2p) cross section values left hand side
of the theoretical levels were derived from the spectroscopic factors and the theoretical single-particle cross sections. Only
those states are displayed above the 1/2−1 one and below the neutron separation energy of 4.7(13) MeV [22] (mass systematics:
4.6 MeV [63]), for which the calculated (p,2p) cross section is above 0.1 mb. There are around 40 other states above the 1/2−1
one which were calculated to be populated in the knock-out reaction with very small spectroscopic factors.

However, additional single-step excitations can also be
expected in the inelastic scattering which in turn might
reduce δ2 and can be handled by introducing hexade-
capole deformation length parameter δ4 in the ECIS cal-
culations beside the quadrupole deformation length pa-
rameter δ2. This higher order deformation is usually
small in most of the nuclei compared to the quadrupole
deformation expected from calculations based on the
finite-range droplet macroscopic and the folded-Yukawa
single-particle microscopic nuclear structure models [72].
Due to its small value, it is difficult to measure, and
so experimental values are only available for rare-earth
isotopes [73], actinides [74], and some stable light nu-
clei [75, 76]. For exotic nuclei, the measurements are even
more scarce, yet, δ4/δ2 was determined to be 0.27(5) for
32Mg lying in the island of inversion around N=20 [77].
The angular distribution for the excitation of the 4+1
state could only be reproduced by this hexadecapole de-
formation therefore it is not surprising that our analy-
sis with pure quadrupole deformation resulted in such a
high δ2 value (2.25 fm). Using the upper limit of the
value δ4/δ2=1/3 in Ref. [77], the ECIS calculation pro-
vides δ2=1.14(12) fm and δ4=0.38(4) fm corresponding to

β2=0.24(2) and β4=0.08(1). The shell model calculation
gives δ2=1.39 fm (β2=0.29), agreeing with the experi-
mental value assuming realistic higher-order excitations,
which also supports the expounded assignment of the ex-
perimental transitions.

Regarding the (p,2p) channel, if we add the calcu-
lated cross sections up to the estimated neutron sep-
aration energy of 4.6 MeV for 63V, we end up with
6.1 mb, which is fairly close to the experimental in-
clusive cross section of 8.7(4) mb. Nevertheless, the
origin of one of the two γ rays (696 keV) in the
(p,2p) channel with a γ-ray-production cross section of
σ (p2p; 696γ ↓)=1.0(3) mb is not straightforward. Based
on the calculated (p,2p) cross sections the only possibil-
ity of a direct production is the population of the 7/2−1
level at 290 keV. However, the energy difference (696 keV
vs. ≈150 keV) would be very large for the experimen-
tal and theoretical values. Furthermore, this assignment
is in conflict with the observation in the (p,p’) reaction.
But, if we assume the assignment from the analysis of
the (p,p’) reaction (i.e., the 696-keV γ ray is produced
by the deexcitation of the 11/2−1 state), there are three
calculated levels (2264-keV, 2520-keV, 2686-keV) above
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the 11/2−1 level populated with significant cross sections
(180 µb, 174 µb, 274 µb, respectively) in the (p,2p) re-
action. Although there are numerous (about 20) other
states between these three levels and the 11/2−1 level,
and thus it is difficult to map their decay pattern, it is
possible that the 696-keV γ ray is produced after cas-
cade decays of the three high-lying states. On the other
hand, it could also happen that the 11/2−1 level was pop-
ulated in two steps via 64Cr(p,p’)64Cr2

+
(p,2p)63V or by

non-sudden dissipative process [78] as in our earlier ex-
periment [16].

In summary, both the (p,p’) and the (p,2p) reac-
tions can be interpreted by the most plausible level
scheme plotted on the right side of Figure 3, and a large
quadrupole deformation parameter (β2>0.22) can be as-
signed to 63V, suggesting that this nucleus belongs to the
island of inversion below 68Ni.

V. SUMMARY

The low-lying excited states of 63V unexplored so far
were investigated by the inelastic scattering and the
proton knock-out reaction. For the first time, two γ
rays were detected in the Doppler-corrected spectrum
for the (p,p’) reaction at energies of 696(8) keV and
889(16) keV, while only the lower-energy transition was
observed in the (p,2p) channel. The experimental data
were compared to our shell-model calculations using the
LNPS interaction, and as a result two excited states pro-
posed to be the first 11/2− and 9/2− levels were es-
tablished decaying to the unobserved 7/2−1 level. Ana-
lyzing the excitation cross section of these two excited
states in the (p,p’) reaction using multi-step and sin-
gle-step excitations with realistic δ4/δ2=1/3 ratio by the
coupled channel formalism, the quadrupole and hexade-
capole matter and Coulomb deformation length parame-
ters of δ2=δM2 =δC2 =1.14(12) fm, δ4=δM4 =δC4 =0.38(4) fm
were obtained, which corresponds to quadrupole and
hexadecapole deformation parameters of β2=0.24(2),
β4=0.08(1). This large β2 deformation parameter was
found to be in a good agreement with the shell model
calculations, thus 63V could be placed in the island of
inversion below 68Ni.
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